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We review recent results on the role of electron-electron (e-¢) interactions - “correlation effects” - in quasi-

one-dimensional conductors. Within the Peierls-Hubbard model, we examine the consequences of short range

(on-site U and nearest neighbor V) e-¢ interactions for ground state pmertiu, nonlinear excitations, and
w

optical absorption. Our
arguments.

1. INTRODUCTION

Much of the current debate on quasi-one-
dimensional conductors focuses on the relative impor-
tance of electron-phonon (e-p) and electron-electron
(e-e) interactions. Experimentally, in the context of
conducting polymers, for example, the observed (1]
dimerization/ bond alternation in trans-polyacetylene
proves the existence of e-p interactions. On the other
hand, severai recent observations - including the or-
dering of excited states in finite polyenes [2] and, in
trans—(CH),, the appearance of negative spin densi-
ties on alternate carbon atoms {3,4) and the strong
shift of the “nr.atra! soliton™ absorption from mid-gap
(8] - clearly establish the significant presence of e-e in-
teractions. Theoretically, the relative simplicity of the
pure e-p modGels - such as the SSH 6] Hamiltonian
for (CH), - and their predictions of localised, nonlin-
ear “soliton” excitations have understandably led to
an emphasis on these models. Yet, in view of the ex-
periments [2-6], one clearly requires a thorough study
of the role of e-e interactions - typically called “corre-
lation effects” - in all their many-body complaxity in
order to be certain of the modeling of these systems.
In the present note we teview briefly some of our own
recent results on e-e intaractions; the necessmy de-
tails and a more complete bibliography of the relevant
literature are proyided in the references. in the ensu-
ing sections, we first introduce the “Pelerls-Hubbard"
model, then quote some quantum Monte Carlo results

iques include quantum Monte Carlo and

and strong coupling perturbative

for the ground state and nonlinear excitatiors, and
close by mentioning some work in progress aimed at
understanding the optical absorption of these systems
in the weak and strong e-e interaction lim.ts. Unfor-
tunately, space does not permit the inclusion of some
limited but interesting results on long-range interac-
tions (7).

2. THEORETICAL APPROACH AND MODEL

To obtain a clear theoretical understanding of the
interplay of e-p and e-e interactions, it is essential to
study as exactly as possible a well-defined model with
a limited number of parameters. We therefore focus on
the "Pejerls-Hubbard” Hamlltonlan, ¥ = H,_, + H,_.,
whaere
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where ¢} (¢;) creates (annihilates) an electron at site
vand ne = ¢l 00 and a, = T _n,. This Hamilto-
nian - perhaps generalised to include intra- molec-
ular phonons coupled to the electrons - serves s a
theoretical starting point for a varlety of quasi-one-
dimensional systenus, including materials with differ-



ent effective band-fillings, o = N,/N, where N, is the
number of electrons and N the number of sites. In
the half-filled case (» = 1), the mode! applies to
conjugated conducting polymers, to mixed stack charge
transfer salts (8], and to M-TCNQ (A = Li,Na, K, Rb)
salts. An example of another band filling is TTF-
TCNQ, which at 19 Kb is near the o = 2/3 limit [9].
Of course, the runges of parameters can differ for dif-
ferent systems. For conducting polymers, one expects
rough values to be to ~ 2.5¢V,U ~ 10¢V,V ~ 3¢V, and
A = (2a?)/(rKXty), the dimensionless e-p coupling con-
stant, in the range 0.1-0.2. For the M-TCNQ salts,
one has much smaller bandwidths (¢, ~ 0.1 - 0.3¢V),
smaller e-e interactions (U ~ 1.5¢V and V ~ 0.5¢V), and
comparable A (0.1-0.3).

Despite the nominal prohibition against discussing
conducting polymers ~ ar opposed to other quasi-one-
dimensional corductors - at this conference, both for
continuity with our previous work and to emphasize
the emerging unity of the theoretical description of
these systems we shall focus here on applications of H
to conducting polymers, taking trans-(CH), and cis-
(CH), or polythiophene as the respective prototypes
for the degenerate and non-degenerate ground state
cases, In the physical context of (CH),., the displace-
ments (w) of the (CH) units along the chain are coupled
(with strength a) to the hopping term which trans-
fers s-electrons between adjacent sites, and the Hub-
bard U and V model the (short range) Coulomb repul-
sion between electrons on, respectivaly, the same site
and nearest neighbor s!tes. Note that ¢, iapresents
an extrinsic “dimerising” modulation to the hopping
iategral, so that ¢, = 0 for polymerr with two-fold de-
generate ground states (e.g., trans - (CH), and ¢, ¥ 0
for polymers with non-degenerate ground states [10]
(e.g., cia - (CH). or polythiophene). Typically, calcu-
lations are carried out in the adiabatic limit, in which
the quantum nature of the phonons Is ignored and H
is treated as an energy functional, to be minimised
over phonon coordinates. Treating the single particle
Hanolltonian in this manner leads [6] to the predic-
tions that the ground stute ls indeed dimerised (and
that there exists s corresponding 2k, bond order wave
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(BOW)) and that, for ¢; = 0, the nonlinear excitations
include kink solitons [6] (X°, X*,and X~) and polarons

(10-13] (P*and P-), whereas for ¢, ¥ 0, there are only
polarons and bipolarons (8,10-11] (BP~--, BP**, and
BP°, which is nothing but a singlet exciton in which
the charges are bound by strong ¢ p coupling).

3. QUANTUM MONTE CARLO STUDIES

Since our results on the effects of short range e-e
interactions have been discussed extensively elsewhere
[14], here we simply recall two sets of points relevant to
our present discussion. First, dimerization does persist
in the presence of corielations, and (for the relevant
range of e-p coupling) is in fact enhanced (for V = 0)
from its value when only H,_, is present. Adding V
further enhances the dimerization. Importantly, this
proves that the Hartree-Fock approximation, which
predicts [15] the absence of a BOW above U/t ~ 2,
fails qualitatively for even moderately strong e-e in-
teructions. Second, the solitons of trans - (CH), re-
main stable, with the imvortant qualitative diffcrences
that the degeneracy between X° and X* is broken and,
consistent with the ENDOR data (3,4], negative spin
densities appear on alternate carbons in the case of
the neutral soliton. In addition, soliton doping per-
sists, l.e., the X+ X+ state is favored over the doubly
charged dimer. To thc extent that they overlap, these
results are entirely consistent with those obtained in
related Monte Carlo [16] and other exact {17-18] or
renormalisation group (19| many-tody methods.

4. OPTICAL ABSORPTION IN THE PRESENCE
OF ELECTRON-ELECTRON INTERACTIONS

In Section il we have alreedy 'ndicated briefly
that the striking nonlinear ¢ itations of the single
particle theory are expected t ;emaln relevant at least
for some properties sven in the presance of relatively
strong e-¢ interactions. Since within the single particle
theory perhaps the clearest signatures of these excita-
tions are their intra-gap optical absorptions, observ-
abl2 both in doped samplus and in photo-indu-~ed pho-
toabsorption, it is essential to understand how these



intra-gap features change in the presence of e-¢ inter-
actions. Unfortunately, this is a hard problem, for
it in effect requires knowledge of the many-particle
wave functions of the excited states in addition to the
ground state. Indeed, an important challenge to the-
ory over the next few years is to improve on the semi-
quantitative discussion given below of the weak und
strong e-e interaction limits.

We begin by recalling briefly the results for a{w),
the optical absorption as a function of photon fre-
quency (v), in the single particle theory. For kink soli-
tons (see, eg., Ref. 20), associated with the single lo-
calizad electronic level at mid-gap is a strong intra-gap
absorption having, in the strictly one dimensiunal con-
tinuum model, a (w=Ao)~1/2 singularity at the absorp-
tion edge w = A;. By the optical sum rule, the strength
in this absorption is removed from the inter-band tran-
sition, leading to a “bleaching” above v = 24,. For po-
larons (see Fig. 1 and Ref. 21) the two localised elec-
tronic levels (at +ug) lead to three distinct intra-gap
absorptions, for which analytic expressions are avail-
t.le [21] in the continuum limit: (1) a,;, & é-function
transition at w = 2wp; (2) a;, & (strong) low energy fea-
ture exhibiting a (w - (8¢ - wo))~1/? singularity at the
absorption edge w = 4y — wo; and ay, a (weak) high en-

FIGURE 1
The optical transitions allowed to a single polaron. For
a charged bipolaron, only a!* and o) are allowed.
[

ergy feature which vanishes as (w - (A0 +wo))*!/? at the
absorption edge w = Ag + wo. The relative integrated
intensities, as functions of wo, the location of the local-
ized electronic levels, are shown in Fig. 2. For charged
bipolarons [21], there are also two localized electronic
levels (at xuw), with w) < wo for the same bare param-
eters in H) but the occupancy of these levels (fully
occupied for BP--, empty for BP+*) precludes the 5-
function transition ut w = 2w). Thus the two intra-gap
transitions for the bipolaron are the (stzong) tranrition
a3 at w = (Ap — wh) and the (weak) as at w = A + ).
To discuss the changes due to e-e interactions, we
focus on the cases of the kink and the bipolaron, as
these have been of greatest recent experimental inter-
est. Furtler, for simplicity we consider only the ef-
fects of U (and in some indicated cases, V). In the
case of the kinks, for weak e-e coupling involving U
only, we find [22) (using first order perturbation the-
ory) that the optical transition energy, (TE)°, associ-
sted with the presence of a neutral kink shifts upward
from mid-gap toward the band adge (consistent with
earlier experiments [5)) to (TE)® = & + U/Stx, where
tx is the width of the kink. Similarly, the transition

FIGURE 2
The relative integrated intensities for the transitions
involving localizsed levels of rolmm‘hlpoluom plot-
e

ted us functions of the locations of t levels in the

sep.



energy for the charged solitons, (TE)#, shifts down
to (I'E)* = Ao - U/Stx. Thus the difference, (TE)" -
(TE)* = 3U/stx. Importantly, recent optical modu-
lation data on grans - (CH). [23] reveal a (negative)
change in absorption at 1.40 eV associated with (the
bleaching of) the X° transition (from neutral kinks in
the pristine material) and a (positive) change in ab-
sorption at 0.45 eV associated with the (appearance
of the) X* transition. Taking ¢x ~ 7, the difference of
0.95 eV impliss U = 10¢V (=~ 4t;). This is well into the
intermediate coupling range, where perturbation the-
ory should in fact break down. Indeed, for U of this
size the single particle picture itself breaks ¢ >wn, and
there is no longer any a priori relation between, for
example, the optically excited state of a charged kink
((X*)*) and the state involving a neutral kink (X°) plus
a hole (-¢). One must calculate total energies of both
ground and excited N electron states. Nonetheless, as
indicated in Section III above, correlated states asso-
ciated with solitons do exist even for large U, and one
can define (and measure) the associated optical tran-
sition energies. At present, in the difficult intermedi-
ate coupling regime (U = ¢¢o), there are no definitive
theoretical results on optical absorption. For stirong
coupling, however, one can show that (with U only)
(TE)°—(TE)* ~U. Thus as the str ength of the electron-
electron interaction parameter U of Eq. (1) increases,
this difference in transition energies crosses over frcm
a (U/t) to & U behavior; to understand the detailed
nature of this crossover requires accurate many-body
calculations for intermediate coupling.

For bipolarons, the corresponding calcul. tions
[24] yleld, in firrt order weak e-e coupling (U only),
(TE)® & 8o ~wo—U/3tapr and (TE)* & Ag+wo-U/3lsr,
so that both absorptions are shifted down. The first
non-vanishing changes in intensities are currently be-
ing inveatigated [24), but the essential festure thai
I*v > I* is not expected to change dramatically. This
is important, particularly for comparisons to the re-
cent experimental data on (presumed) bipolaron ab-
sorption in polythiophene, tuken using both doped
samples [25] and photoinduced techniques (26]. Both
sets of experimenta show two peaks |28], occurring at

o

(TE)** = 0.42¢V and (TE)** = 1.60¢V in the doped sam-
ples [25] and at (TE)** x 0.48¢V and (TE)* = 1.25¢V
in the photoinduced data {26). Since the band cdge is
agreed to be in the range 2.2-2.4 ¢V, both the existence
of two intra-gap absorptions and the fact that the sum
of the transitions energies is less than the gap are in
agreement with the theoretical expectations for weak
e-e interactions. Unfortunately, the experimental in-
texrated intensities of the two absorptions are nearly
equal, so that our theoretical expectation fails in an
important way. If one ignores this and nonetheless
fits the data to the perturbative formulae, one again
finds that, due to the 1/¢p» factors, the value of U
lies in the intermediate coupling range. Interestingly,
for strong coupling, with both U and V present, the
correlated state corresponding to the bipolaron is also
expected to have two intra-gap absorptions [24], with
(TE)* = V and (TE)* = U - 3V; recall that in this
limit the band edge is determined by the e-e interac-
tions and is at U ~ V. Nota again the crossover from
a U/tgp to a U behavior. Preliminary lowest order
estimates (24) suggest roughly equal intensity for the
two transitions, with tha lower transition expected to
be slightly stronger. In view of the uncertainties, it
seems premature to attempt a detailed, quantitative
interpretation of the experiments, and it is clear that
crucial theoretical issues - for instance, the sensitivity
of the weak-coupling intensity ratio to effects neyond
the scope of the simple 1-d Hamiltonian, and (again)
calculations for intermediate coupling - remain open.

5. SUMMARY AND CONCLUSIONS

In the past few years, the role of “correlation ef-
fecta” in quasi-one-dimensional conductors has grad-
ually come into clearer focus. On the basis of both
experimental results and theoretical expectations, it is
apparent that these effects can cause important new
qualitative and quantitative differences from the ein-
gle particle picture but that they do not destroy the
intaresting and important nonlinear excitations pre-
dicted by the H,_, = 0 models. While theorists Jebate
how best to deal with the (dificult but apparently rel-
svant) intermediate coupling regime, one area of clear



experimental opportunity remains optical absorption.
By focusing on coordinated photoinduced/doped sam-
ple photoabsorption experiments, time resolved in the
sub-picosecond range and on well-characterized, highly
oriented samples (so thet polarised excitation/probe
techniques can be used), the experimentalists can pro-
vide perhaps the best insight yet into the excitation
structure of quasi-one-dimensional conductors.
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